261 words 24 Main text body: 5240 words 25 Figures: 6 26 27 Keywords: 28 Directed functional brain connectivity 29 Cognitive aging 30 Dynamic graphical models 31 Resting-state fMRI 32 UK Biobank 33 HCP 34 35 36 2 Abstract 37 Objective: Functional interconnections between brain regions define the 'connectome' which 38 is of central interest for understanding human brain function, and is increasingly recognized in 39 the pathophysiology of mental disorders. Previous resting-state functional magnetic resonance 40 (rsfMRI) work has revealed changes in static connectivity related to age, sex, cognitive 41 abilities and psychiatric symptoms, yet little is known how these factors may alter the 42 information flow. The commonly used approach infers functional brain connectivity using 43 stationary coefficients yielding static estimates of the undirected connection strength between 44 two brain regions. Dynamic graphical models (DGMs) are a multivariate model with dynamic 45 coefficients reflecting directed temporal associations between network nodes, and can yield 46 novel insight into directed functional brain connectivity. Here, we aimed to validate the DGM 47 103 Dynamic graphical models (DGM) is a form of Dynamic Bayesian Networks, which 104 describes the instantaneous directed relationships between nodes (Bilmes, 2010; Schwab et 105 al., 2018). From this, one can study the spatiotemporal arrangement of links in the network, 106 defined here as the directionality between a node pair. This statistical method can give a 107 meaningful characterization of the dynamic connectivity between network nodes. Initial 108 implementation and validation of the approach in resting-state functional magnetic resonance 109
method and determine information flow across the brain connectome and its relationship to 48 age, sex, intellectual abilities and mental health. 49 Methods: We applied DGM to investigate patterns of information flow in data from 984 50 individuals from the Human Connectome Project (HCP) and 10,249 individuals from the UK 51 Biobank. 52 Results: Our analysis replicated previously reported patterns of directed connectivity in 53 independent HCP and UK Biobank data, including that the cerebellum consistently receives 54 information from other networks. We show robust associations between information flow and 55 both age and sex for several connections, with strongest effects of age observed in the 56 sensorimotor network. No significant effects where found for intellectual abilities or mental 57 health. 58 Discussion: Our findings support the use of DGM as a measure of directed connectivity in 59 rsfMRI data and provide new insight into the shaping of the connectome during aging.
Introduction 63 Although the rates and trajectories vary substantially between individuals and cognitive 64 domains (Ardila, 2007) , normal aging is primarily associated with a decline in most cognitive 65 functions, including executive functions, attention, memory and perception (Riddle, 2007) . 66 Numerous studies have established pronounced age-related differences in brain network 67 connections (Betzel et al., 2014; Cassady et al., 2019; Dørum et al., 2017; Geerligs, Renken, 68 Saliasi, Maurits, & Lorist, 2015; Grady, Springer, Hongwanishkul, McIntosh, & Winocur, 69 2006; Maglanoc, Kaufmann, van der Meer, et al., 2019; Meunier, Achard, Morcom, & 70 Bullmore, 2009; Wang, Su, Shen, & Hu, 2012) . However, so far mostly age-related network 71 changes have been studied using static functional connectivity, where connectivity strengths 72 are estimated from stationary coefficients and assumed not to change short-term during the 73 period of scan. Dynamic functional connectivity (i.e., time-varying connectivity) has been 74 studied to a lesser degree yet could yield new knowledge about connectivity direction, thereby 75 supplementing approaches for static connectivity with insight into the information flow of 76 neural activity, underlying processes related to cognitive functions and mental health 77 (Hutchison et al., 2013) . 78 There are various approaches to estimate connectivity direction, often divided into 79 effective connectivity and directed functional connectivity (K. Friston, Moran, & Seth, 2013) . 80 Effective connectivity refers to the causal influence that one node exerts over another 81 (Bielczyk et al., 2019; K. J. Friston, 2011) , while directed functional connectivity (dFC) 82 denotes information flow between nodes by estimating statistical interdependence using 83 measured blood-oxygen-level-dependent (BOLD) responses (Bielczyk et al., 2019) . Recent 84 work has provided evidence of changes in connectivity direction with age. For instance, one 85 study noted posture-related changes in effective connectivity with elderly compared to 86 younger participants showing higher effective connectivity between the prefrontal cortex 87 5 (PFC) and the motor cortex (MC) as measured using functional near-infrared spectroscopy 88 (fNIRS) while standing (Huo et al., 2018) . Studies have also reported age-related 89 psychomotor slowing with higher effective connectivity (Michely et al., 2018) , in addition to 90 changes in effective connectivity in certain areas of the brain of elderly APOE ε 4 carriers 91 (Luo et al., 2019) . It has also been shown that there are alterations in effective connectivity in 92 the prefrontal cortex during emotion processing in individuals with autism spectrum disorders 93 (Wicker et al., 2008) , and disrupted effective connectivity in patients with externalizing 94 behavior disorders (Shannon, Sauder, Beauchaine, & Gatzke-Kopp, 2009 ), schizophrenia 95 (Schlösser et al., 2003) and depression (Lu et al., 2012; Rolls et al., 2018) . Others have 96 investigated effective connectivity in relation to psychedelics and found evidence for 97 alterations in cortico-striato-thalamic-cortico loops in individuals given LSD (Preller et al., 98 2019) . Changes in effective connectivity have also been observed in relation to episodic 99 simulation and social cognition (Pehrs, Zaki, Taruffi, Kuchinke, & Koelsch, 2018) , as well as 100 memory function in a neurodevelopmental sample (Riley et al., 2018) . However, how the 101 information flow between nodes in the functional brain connectome is associated as a whole 102 with age, sex, cognition and mental health has yet to be delineated. 7 provided signed informed consent. Washington University Institutional Review Board 137 approved the study (Glasser et al., 2016) . Foundation, Diabetes UK, Northwest Regional Development Agency, Scottish Government, 142 and Welsh Assembly Government (Sudlow et al., 2015) . This population-based study 143 examines the influence of genetic and environmental factors and the occurrence of disease in 144 participants included in the age range of 40-69 years old, recruited from 2006-2010 and 145 assessed at 22 centers throughout the UK (Sudlow et al., 2015) . The study has recruited 146 500 000 subjects, where 100 000 are going to be included as an MRI subgroup (Miller et al., 147 2016). Further, participants filled out questionnaires about lifestyle, family, as well as medical 148 history in addition to completing a variety of physical measures (Sudlow et al., 2015) . In Biobank. We used the first two principal components as proxies of general psychopathology, 301 referred to as "pF" and "pF 2 ". 302 303
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We uncovered the same pattern of dFC between networks as previously reported ( corresponding p-values). Furthermore, the cerebellar node in men compared to women more 331 often received information from the other networks, the opposite of what was found for VM. 332 In addition, motion had significant impact on directed connectivity between the CER-VM and 333 for edges involving the cerebellar network, whereas age, age², intellectual abilities and mental 334 health, were not significantly associated with directed connectivity at the edge-level. Node-level analysis reveals significant effects of age and sex on directed connectivity 337 Next, we assessed network balance. In line with results from the edge-wise analyses, we 338 found that sex was significantly associated with node balance of the VM network (t = 6.59, 339 P Bonf =.038), with this network having more outputs than inputs in males, rendering this node 340 to send more information in males compared to females (Fig. 4a ). In addition, there was a 341 significant relationship between the VM node and age (t = 2.9, P Bonf <.001), where we 342 observed a higher balance with higher age, indicating that VM sends more information with 343 higher age. Further, when looking at the overall balance for the FPR we found that this node 344 sends more information to other nodes in females compared to males (t = -3.34, P Bonf =.009; Next, we employed the same analysis approach using UK Biobank data (age range: 40-70 356 years). We partly replicated the pattern of dFC between networks as previously reported by 357 Schwab et al. (2018) . Whereas the characteristic of the Au network to have many input 358 connections as found in HCP data did not replicate, UK Biobank data confirmed this pattern 359 for the cerebellum, as well as a bidirectionality of the VM-VL edge with these nodes having a 360 reciprocal information flow ( Fig. 5 ). 361 Edge-wise analysis of dFC alterations related to age, sex, cognition, psychopathology, 362 motion and scanning site is illustrated in Figure 5 Fluid Intelligence, pF, pF 2, motion and scanner for UK Biobank (N=10, 249, . 367 Significant edges following Bonferroni correction are marked as X. B) chord diagrams that 368 display only the significant effects of age, age 2 , sex, motion and scanner for the UK Biobank We found a significant effect of age on edge-wise information flow with a positive 374 association for the VL, FPR and the cerebellar network, with these nodes giving more 375 information to the DMN with higher age. Further, with higher age the DMN gives more 376 information to the VL and Cer network, while the Ex receives more information from the 377 FPR, FPL and the SM ( Fig.5 ; see SI for further details). Moreover, SM receives less 378 information in general from the other nodes and this node sends less information input in the 379 information flow with the cerebellar and auditory networks with higher age. In addition, VM 380 showed a pattern of less output connections, sending less information to the cerebellar 381 network and there was also a decrease in information flow from VO to FPL, VL-FPL and 382 FPR-FPL, and for the DMN and VL to the auditory network. In addition, there was an effect 383 of age², from CER to the FPR node. Node-level analysis reveals significant effects of age and sex in directed connectivity 395 Further, we examined network balance in UK Biobank data. Here we found that age and sex 396 were significantly associated with node balance of the auditory network, with this node 397 sending more information to the other nodes in females compared to males (t = -5.5, P Bonf 398 19 <.001; Fig.6a ), and the same relationship was found for the FPL node (t = -3.41, P Bonf =.006). 399 In addition, there was a significant effect of age in both Au (t = 4.05, P Bonf <.001) and FPL (t 400 = 3.11, P Bonf =.02), with these two nodes giving more information to the other nodes with 401 higher age. Also, the Ex network showed a significant age and sex association, sending less 402 information to the other nodes with higher age (t = -4.17, P Bonf <.001) and in males (t = -6.47, 403 P Bonf <.001; Fig.6c ). The VO network showed the same pattern in relation to aging (t = -3.73, 404 P Bonf =.002), but the sex effects were here the opposite of what was found for the Ex network, 405 with the VO node showing a pattern of sending more information to the other nodes in males 406 compared to females (t = 4.33, P Bonf <.001; Fig.6d ). Further, the SM sends more information 407 with higher age (t = 7.12, P Bonf <.001; fig.6e ), and the VM network display significant sex 408 effects, with the balance indicating that this node sends more information to the other nodes 409 in males compared to females (t = 6.23, P Bonf <.001; Fig.6g ). In addition, there was a 410 significant association between age² and balance of the FPR network (t = -2.95, P Bonf =.03; 411 Fig.6f ). 412 Taken together, these findings indicate overall that nodes tend to send more 413 information in females, except when it comes to the visual networks, where these networks 414 send more information in males. We did not find any significant associations between node 415 balance and pF or cognitive test performance. The aim of the current study was to test for associations between dFC and age, age², sex, 424 cognitive abilities and mental health between core brain networks after validating the 425 approach in the HCP data (Schwab et al. (2018) ). We performed the analysis in healthy 426 participants from two large public cohorts that differed in their age range (HCP: 22-37 years, 427 n= 984, UK Biobank: 40-70 years, n=10,249). 428 We replicated the patterns of dFC between networks in the HCP sample as previously 429 reported in Schwab et al. (2018) . Both the HCP and UK Biobank samples confirmed that the 430 cerebellar network receives mostly rather than emits information from several other networks. 431 Further, the visual areas VM and VL showed a bi-directionality in the information flow of 432 their connectivity, with effects particularly pronounced in UK Biobank. Whereas the 433 previously reported (Schwab et al., 2018) patterns that the auditory network mostly receives 434 information from others replicated in the independent HCP analyses in the present study, 435 similar patterns were not observed in UK Biobank data. These differences may be attributable 436 to sample specific differences, such as the differences in the age range or differences in the 437 decomposition of the Au network. 438 We observed marked effects of age on dFC in UK Biobank sample. For example, the 439 sensorimotor network generally received little information from other networks with higher 440 age in the 40-70 years age range. This is particularly interesting given that dysconnectivity of 441 sensorimotor networks has previously been associated with schizophrenia (Cheng et al., 2015; 442 T. Kaufmann et al., 2015) , and apparent aging of the brain appears a key characteristic in 443 schizophrenia (Hajek et al., 2019; Tobias Kaufmann et al., 2019; Schnack et al., 2016) , 444 making it of interest to delineate how age-related effects play a part in healthy aging as well 445 as mental disorders. 446 
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Overall, most age effects were in the direction of decreased reception with higher age. 447 However, two connections showed a bi-directional relationship with age with decreased 448 connectivity flow in both directions between these nodes (Cer-SM, Au-SM). Additionally, 449 two connections of the DMN increased bi-directionally with age (Cer-DMN, DMN-VL). Of 450 note, increased static connectivity between the cerebellum and the DMN with age has 451 previously been reported in a study comparing a group of young to a group of old individuals 452 (Dørum et al., 2017) . While connectivity was lower in the young group during rest, it was 453 higher in the young group during task load (Dørum et al., 2017) , which is in line with the 454 established decline of DMN variability in old age (Maglanoc, Kaufmann, Jonassen, et al., 455 2019; Mowinckel, Espeseth, & Westlye, 2012). Thus, changes in direction with age may also 456 depend on task load, which will need to be explored in future studies. Finally, when 457 examining dFC on the node-level, we observed in the HCP sample that the VM receives less 458 information in early adulthood (20-40 years), and that the SM sends more information input 459 later in life (40-70 years) in the UK Biobank sample. 460 The marked pattern of more inputs than outputs of the cerebellum, which replicated 23 giving a better understanding of the connectome in general and also for sex differences found 472 in symptom onset and burden in mental disorders. 473 Whereas our results revealed distinct effects of age and sex on dFC, none of our 474 analyses identified significant relations with individual differences in cognitive test 475 performance or mental health. However, other studies looking at patient groups in relation to 476 psychiatric disorders have observed alterations in connectivity direction with mental health 477 (Lu et al., 2012; Rolls et al., 2018; Schlösser et al., 2003; Shannon et al., 2009; Wicker et al., 478 2008) and it should be noted that all included individuals in our study were healthy and thus 479 the variations related to mental health was small, making it difficult to detect associations. 480 Also, the tools taken to assess mental health may to some degree also have had an impact on 481 the null findings. The MHQ in UK Biobank was taken a long time after the scanning and it 482 may thus not be a solid marker of the state at the participants' time of scanning. Likewise, due 483 to differences in available data, we used different approaches for measuring mental health, There are limitations in the current study. The data was processed in different pipelines and 493 we thus chose not to analyze the two samples together as would have been of interest for 494 studying age effects across the lifespan. While we observed various patterns across the two 495 independent cohorts, there were also marked differences that might be partly attributable to 496 24 confound effects, such as variability in the ICA decompositions, scanning site and motion. Of 497 note, while confounders showed significant effects on dFC, they are unlikely to explain the 498 main findings. For example, the reported pattern of the cerebellum was observed in both HCP 499 and UK Biobank data, yet only in HCP data the cerebellum also showed motion confounds. 500 Moreover, DGM estimates connections binary, which may have rendered the association 501 analyses less sensitive. In addition, DGM requires high-quality fMRI data with a low TR and 502 benefits from a high number of observations. The long scan duration needed to acquire such 503 data may have increased the chance that participants may fall asleep while they are being 504 scanned. This is especially a challenge for the HCP project were participants are in the MRI 505 scanner for a long time period (Glasser et al., 2018; Liu et al., 2018) . The lack of variation 506 and low number limited the ability to investigate association with cognitive and mental health 
